Abstract-We present a spectroscopic analysis and laser characterization of optically written waveguides in neodymium-doped gallium lanthanum sulphide (Nd 3+ -Ga:La:S) chalcogenide glass. Waveguide fabrication, photoinduced effects, and optical characterization in terms of spectroscopy, laser performance, and device attenuation are discussed.
I. INTRODUCTION
T HE concept of integrated optics (IO), first conceived in 1969 [1] , proposed the amalgamation of multiple devices such as switches, multiplexers, modulators, signal amplifiers, and lasers onto a single photonic chip in order to achieve highly functional and compact optical circuits. Silica-based materials are a possible host medium for such optical circuits and have been used for initial demonstrations of passive and active IO devices. Plasma-enhanced chemical vapor deposition (PECVD) enabled the uniform deposition of silicon oxynitride (SiON) layers with optical loss 0.2 dB cm at 1550 nm [2] and layers of Er -doped phosphosilicate glass with a gain coefficient of 0.67 dB cm [3] . An extension of this waveguide fabrication technique involves using a focused CW UV-laser ( nm) beam to directly write buried single-mode channel waveguides into a germanosilicate film [4] . Several other methods, such as flame hydrolysis deposition [5] , sol-gel processing and spin-coating [6] , and ion-exchange [7] have also been used to produce active silica devices. However, the evolution of silica glass into a mature technology and its dramatic impact on telecommunications has also served to highlight its limitations in active planar operation. These include concentration quenching effects caused by the high rare-earth concentration necessary to compensate for the short interaction length, poor functionality as an optical switch, and an inability to transmit radiation much beyond 2 m. The relentless drive toward exceeding the current state of the art in telecommunications, as well as other application areas, demands investigation into diverse fabrication techniques for a plethora of host materials that offer capabilities surpassing silica glass. The search for new nonoxide vitreous materials led to the development of fluoride and chalcogenide glasses (ChGs). Made from low phonon-energy materials, with heavier ions having weak bond strengths, these glasses can transmit light at much longer wavelengths [8] , [9] . The practicability of low phonon-energy (550 cm ) fluoride glasses as planar devices has been demonstrated through several processes including ion exchange [10] , [11] , physical vapor deposition (PVD) [11] - [13] , and sol-gel synthesis [14] . Experiments in directly writing waveguides into Nd -doped fluoroaluminate [15] and PZG glass [11] with a CW UV-laser ( nm) have also been reported. Laser action at 1317 nm in the Nd -doped fluoroaluminate glass was enabled by combining the spin-coating and direct writing techniques. Laser pulses from a femtosecond laser ( nm) have also been used to fashion similar passive structures into fluorozirconate glass [16] .
In this paper we concentrate on planar waveguides optically written in chalcogenide glasses, which have unique optical properties that make them very interesting for IO devices. These properties include very low phonon energies (325-425 cm ), which allows many radiative transitions for rare-earth ions which are otherwise quenched in amorphous materials, high IR transparency, inherent photosensitivity, and a high nonlinear refractive index [9] , [17] , [18] . Notable previous works include quantum cascade lasers with Ge Se glass claddings fabricated through pulsed laser deposition (PLD) [19] , first-and second-order Bragg reflectors at 1500 nm in As S glass [20] and sol-gel processing of germanium sulfide planar waveguides [21] . Alternative manufacturing methods of optical waveguides in As:S:Se glass include photolithography and ion implantation [22] . Finally, demonstrations of waveguide writing into ChGs include using a femtosecond laser ( nm) in As S glass [23] and direct-UV ( nm) laser writing into Ga:La:S glass [24] .
The gallium lanthanum sulphide (Ga:La:S) glass system described in this work is a vitreous chalcogenide material first discovered in 1976 [25] . Since then, interest has been maintained over the years primarily due to its exceptional optical properties. These glasses have a wide transmission window between 0.6-7 m and are classed as an amorphous semiconductor with bandgap energy 2.6 eV (475 nm). The nontoxicity, high glass transition temperature, excellent rare-earth solubility, high refractive index ( at 1 m), low phonon energy, high nonlinearity, and photosensitive properties make it an interesting candidate for research into planar waveguide devices [26] . In a previous paper we reported the first laser operation of optically written channel waveguides in Nd -Ga:La:S glass [27] , and we now present in detail the spectroscopic properties of the channel waveguides in order to obtain a full characterization of such devices. Following this introduction, Section II details the direct writing of channel waveguides using a focused short-wavelength ( nm) source and the photoinduced effects resulting in material modification, including giantphotocompaction and photochemical modification. Section III describes device characterization in terms of absorption and fluorescence spectroscopy, laser operation ( nm), and waveguide attenuation. Finally, in Section IV we give our concluding remarks and discuss the prospects for IO devices based in this host material.
II. CHANNEL WAVEGUIDE FABRICATION AND PHOTOINDUCED EFFECTS
Fabrication of Nd -Ga:La:S glass, with a typical molar ratio 65 Ga S : 31.5 La S : 3 La O : 0.5 Nd S , was carried out from prepared batches of high purity (6N) powders. These glass precursors were loaded into a vitreous carbon crucible while in a controlled atmosphere. The precursors are nonvolatile at the glass melting temperature (1150 C for up to 24 h) and were heated in an argon atmosphere, after which the melt was quenched and annealed. The glass was cut into slabs (20 17 2 mm) and polished on the top and bottom faces. An optically flat polish is required on the writing surface to minimize scattering of laser light during writing. Surface preparation plays an important role in minimizing the laser damage threshold due to dust, stains, and superficial scratches on the glass surface. As a final preparatory step prior to laser writing, the polished surface of the target sample was cleaned with isopropanol and methanol. After laser writing, the sample was polished at both end faces to allow optical coupling.
The direct-UV writing setup shown in Fig. 1 consists of a frequency-doubled UV laser (Coherent FRED Sabre 500) with 200 mW of CW output at 244 nm. A UV-grade spherical fused silica lens (35 mm focal length) provides a focused writing spot from the spatially filtered laser beam. The UV beam spot size ( radius of intensity) is approximately 3.1 mm and the measured spot size of the focused waist is 3.3 m. The sample, held in place by a vacuum chuck, was attached to a computer-controlled translation stage. The stage, which ). The average laser fluence ( ) applied to the glass surface may then be calculated from [4] ( 1) where is the spot size on the surface. Fig. 1 also indicates photostructural change in the form of giant-photocompaction with material densification. For our experiments, the spot size was varied between 25-50 m by adjusting the sample to focus distance and this, together with adjustment of the power, provides a controllable intensity in the range of -10.2 kW/cm . The scan velocity was varied between 0.17-5 cm/s, and hence a fluence in the range of 1.5-150 J/cm was applied to the glass surface. Micrographs of the channel waveguides were obtained using an analytical scanning electron microscope (SEM, JEOL 6400) to which an energy dispersive X-ray microscope (EDAX), allowing compositional analysis, was attached. Surface compaction was evaluated using atomic force microscopy (AFM, Tencor Instruments Alpha-Step 200). The micrograph in Fig. 2 shows a representative channel directly written into Ga:La:S glass with UV-laser fluence of 10.8 J/cm . In this case, photostructural changes in the form of giant-photocompaction (1.2 m) and a region of refractive index change, with physical channel dimensions of 13 m by 6 m, were observed. Measurements within the photomodified region revealed variations in elemental ratios, with an increase in lanthanum content and a decrease in gallium and sulphur. Compositional analysis (EDAX) of the waveguide core (exposed region) for channels exposed to 4.5, 7.2, and 10.8 J/cm of laser energy revealed the lanthanum content to be 57.2 wt%, 65.7 wt%, and 67.6 wt%, respectively. Measurements of the unexposed region showed lanthanum content to be 50.2 wt%. This photochemical modification contributes to densification by creating a region of raised refractive index, which is the waveguide core. The physical size of a channel as well as the chemical change within the photoinduced region varied largely with changes in scan velocity and applied power density, as would be expected. This physical and chemical change in turn varied the attenuation as well as modal size and shape of the waveguide output. The maximum refractive index change in these channels, measured via the trigonometric method [28] , was 10 . It is well known that amorphous semiconductors (ChGs) can experience structural changes, with modification of physical and chemical states, when exposed to light. Chalcogenide glasses are widely regarded as a "soft semiconductor" because of their inherently quasi-stable atomic structure. The flexible and viscous structure is due to the chalcogen atoms having a twofold coordination. Electronic mobility, as seen in a semiconductor, produces asymmetric motion of atoms, and this can be used to explain some of the photoinduced effects in ChGs. However, it is certainly plausible that there are contributions from both electronic and thermal phenomena to these photoinduced effects [29] .
Fractional volume expansion ( ) upon light illumination is commonly observed in As S , As Se , and Ga Ge S glasses, but is not the only monitored volume change in ChGs [29] - [33] . Volume contraction ( ) has also been reported in GeAs Se , GeSe , and Ga:La:S glasses. Illumination of SiO glass, which has a disordered three-dimensional (3-D) random network structure, also leads to radiation compaction ( ) [34] . In the case of GeAs Se , the structure is assumed to be fairly random and 3-D and exhibits radiation compaction [30] . The structural units for GeSe glass are nonlayered and 3-D. Here, volume contraction upon illumination is thought to arise due to a reduction in bond angle at the Se atom position in the Ge-Se-Ge bond as a result of the Ge-Ge atoms getting closer to each other [35] . The structural model for Ga:La:S glass has previously been studied by extended X-ray absorption fine structure (EXAFS, gallium K-edge, lanthanum LIII edge) spectroscopy. The proposed model for this glass type is the modified random network, which is a well-defined environment with a covalent network of GaS tetrahedra intercalated by the essentially ionic La-S channels [36] . The basic structure is assumed to be similar to SiO glass and also exhibits radiation compaction (
). In any case, diffraction pattern studies for both oxide and ChGs have shown similar results. Irradiation seems always to enhance the randomness of an amorphous structure, subsequently exciting electron-hole pairs which cooperatively produce structural transformations.
III. SPECTROSCOPY AND LASER CHARACTERIZATION
The ground-state absorption spectrum from 500 to 1000 nm was measured at room temperature for a Ga:La:S sample doped with 0.5 wt% of Nd S , corresponding to a Nd ionic concentration of 5.1 10 ion.cm , and is shown in Fig. 3 . The spectrum, with 0.2-nm resolution, was recorded using a Varian Cary 500 Scan UV-VIS-NIR spectrophotometer. Ground state absorption bands from the I level to F , ( F , H ), ( S , F ), F , H , and ( G , G ) energy levels are identified. The electronic edge of the host glass lies close to 0.55 m and as a result obscures higher energy levels of the rare earth ( K , G , G ). The absorption cross section as calculated from the spectrum gave a value of 5.1 10 cm at 814 nm.
A Judd-Ofelt analysis was performed with the absorption spectrum in order to determine the radiative parameters for the F I ( , 11/2, 13/2 and 15/2) transitions. In the Judd-Ofelt model, the calculated line strength of electricdipole transitions between the initial state of angular momentum quantum number and the terminal state of angular momentum quantum number can be written in the form [37] (2) where are the Judd-Ofelt parameters and are the reduced matrix elements. These elements are independent of the host material and have been calculated in [38] . The line strengths can be experimentally measured from absorption spectra integration using the equation where is the refractive index of the sample, is the concentration of the dopant ion, the absorption coefficient, is the mean wavelength, and the other symbols have their usual meanings. The Judd-Ofelt parameters are fitted via (2) to the measured values from (3), using a computerized least square fit program. The quality of the adjustment can be measured by the rms deviation (4) where is the number of absorption bands and 3 reflects the number of fitted parameters. To estimate the values of the Judd-Ofelt parameters in our host, we have calculated the line strengths for the four strongest absorption bands (bands 1, 4, 5, and 6). In the case of bands 1, 4, and 5, the energy levels are too closely spaced to be treated separately. In these cases, the absorption spectrum was integrated over the whole band, the corresponding line strength was then calculated using (3), and this value was then fitted to the sum of the appropriate oscillator strengths from (2) . Dispersion of the refractive index was also taken into account. Table I contains values of and for each absorption band, along with the fitted Judd-Ofelt parameters and the value of . The determined Judd-Ofelt parameters then allow calculation of the transition rates for the transitions from the F to the I , I
, I , and I manifolds. Using the appropriate matrix elements and (2), transition rates may be expressed as (5) 
The calculated transition probabilities and branching ratios for these transitions, as well as calculated radiative lifetime and experimental fluorescence lifetimes measured for 0.5 wt% and 0.7 wt% Nd S in Ga:La:S glass, are reported in Table II . Experimental lifetimes were determined from single exponential fits to the decay of the fluorescence signal. Fluorescence decays were measured by exciting the samples using 5-s pulses of modulated light from a Ti:sapphire laser operating at 814 nm and were monitored using a high-bandwidth InGaAs photodetector. An acoustooptic modulator was used to provide the modulation. Measured lifetimes are in good agreement with the calculated radiative lifetime. This agreement was expected as the host glass has low phononenergy and therefore a negligible multiphonon nonradiative decay probability. Measured values are slightly lower and decrease with increasing dopant concentration, due to interaction between doping ions, which is not taken into account in the Judd-Ofelt model. A Ti:sapphire laser, tuned to 814 nm, was also used to measure the room-temperature fluorescence spectrum of a Ga:La:S sample doped with 0.5 wt% Nd S . Intense emissions were expected around 900 and 1080 nm due to their higher branching ratios. The spectrum recorded by an optical spectrum analyzer is presented in Fig. 4 . The F I emission cross section, the transition of particular interest for this paper, is also presented (inset). It was calculated from the fluorescence spectrum of the band and the values of the calculated branching ratio and radiative lifetime which are given in Table II , using the Fücht-bauer-Ladenburg equation [39] (8) The peak emission cross section at 1075 nm is 10 cm . This value is consistent with expectation for covalent host materials with high refractive index and is close to reported values for other chalcogenide glasses [40] , [41] .
The laser performance of our channel waveguides was tested using the 1075-nm F I transition, allowing an assessment of the propagation loss and potential use of these devices as lasers. The channel waveguide characterized was written with kW/cm and cm/s giving an applied fluence of 6.3 J/cm . The device length was 16 mm with doping concentration 0.7 wt% of Nd S . The physical dimensions of the particular waveguide used for these lasing experiments were not fully measured (as removing the gold coating required for the SEM can damage the glass) but the compaction depth (0.2 m) and width (8 m) were much smaller than for the guide shown in Fig. 2 . Laser light from a tunable Ti:sapphire was coupled into the waveguide using a single-launch X 6.3 microscope objective. Guided light from the waveguide was collected with a X10 microscope objective and directed through a mask to isolate light from the guided mode of the waveguide from that of the substrate. The single-pass absorption efficiency at 814 nm was measured by comparing the output power from the waveguide at two wavelengths, one in the absorption band and one off absorption, at constant pump power. A value of 99 was measured. This high absorption efficiency was expected due to the large absorption cross section. Optimization of launch efficiency was performed with the aid of a CCD camera, allowing observation of the channel mode, as well as through fluorescence intensity measurements. A launch efficiency of 30 was calculated from transmission measurements with the Ti:sapphire tuned off the Nd absorption band. The rather low value for the launch efficiency was possibly due to the mismatch between the launched pump beam profile and the guided pump mode profile in the waveguide. In order to form the laser cavity, lightweight thin mirrors were butted to the end faces of the guide, using a thin film of fluorinated liquid for adherence. The input mirror ( ) was 98% reflective at the lasing wavelength (1075 nm) and had 87% transmission at the pump wavelength (814 nm). Three sets of output mirrors with different reflectivities ( ) were utilized with 2%, 8%, and 12.5% transmission at the signal wavelength. Lasing threshold was noted for each case. With the 2% output coupler, the threshold was as low as 15.1 mW of absorbed pump power and increased to 18.7 mW with the 8% output coupler. With the 12.5% output coupler, the threshold rose to 34 mW with laser output results shown in Fig. 5 . The maximum output power available with this configuration was 8.6 mW for 89 mW of absorbed pump power with a slope efficiency of 17%. Measurement of the laser output with an optical spectrum analyzer revealed a lasing wavelength of 1075 nm. This is at the same wavelength at which the fluorescence emission spectrum has maximum intensity and corresponds to the wavelength of maximum internal gain. Observation and measurements of the pump and lasing mode were performed with a CCD camera, and it was observed that both the pump and laser output were in the fundamental spatial mode. Modal dimensions ( radius of intensity) were m by m for the pump mode and m by m for the laser mode. The size of the waveguide mode would appear to be much larger than the physical dimension of the waveguide structure, which is again indicative of single-mode behavior.
Evaluation of the propagation loss, which is a crucial parameter for such devices, was estimated first by the Findlay-Clay method [42] . For a four-level waveguide laser system with negligible depopulation of the ground state, the absorbed pump power at threshold ( ) can be expressed as (9) where is a constant dependent upon the material parameters and the pump and signal spatial properties, is the waveguide propagation attenuation coefficient, is the device length, and and are the reflectivities of the input and output mirrors at the laser wavelength. The value for the attenuation coefficient can be determined from this expression without knowing the value of , simply by plotting versus as shown in Fig. 6 . The intercept on the axis is indicative of the propagation attenuation coefficient in the laser cavity and gives a value of m ( 0.1 dB cm ). Due to the lack of output couplers with higher transmission at the signal wavelength, this value has a fairly high uncertainty and so the attenuation figure was confirmed through two further separate calculations. The first method involves an estimation of the attenuation through correlation of the experimental laser threshold with the theoretical expression given in (9) . For a longitudinally pumped system, the constant can be calculated as [43] ( 10) where is Planck's constant, is the pump frequency, is the emission cross section, is the fluorescence lifetime, and , , , and refer to the intensity radii for the laser and pump modes in the horizontal and vertical planes, respectively. For the experimental values of found using the and 92%, we find values for the propagation loss of 0.4 dB cm , whereas a higher value of 0.7 dB cm is calculated for the value. Another approach for determining waveguide attenuation involves analysis of the slope efficiency ( ) using the relation [44] ( 11) where is quantum efficiency of the device (assumed to be 100%), and is the laser frequency. Assuming all propagation losses are due to the waveguide, the experimental upper limit for attenuation, as calculated from (11) for and , is 0.5 dB cm . Taking into account the variation in values given by the three methods of calculating the propagation loss, we can give a final figure of 0.5 dB cm . This attenuation figure is comparable to that found by white light transmission measurements in similar passive waveguides [24] . It is also interesting to note that the emission cross section found from our spectroscopic analysis is consistent with the observed laser performance.
The lasing results described here represent an initial demonstration and are far from what might be expected in an optimized lasing device. Improvements should arise through optimization of the writing process to produce the lowest loss single-mode guides as well as taking care over use of optimized parameters for laser performance, such as the doping level and the length of waveguide. However, these results also clearly show the potential for active IO devices based on these low loss optically written waveguides.
IV. SUMMARY
We have demonstrated the fabrication of low-loss optically written channel waveguides in a chalcogenide glass by scanning a focused UV-laser beam ( nm) across the sample surface. Volume compaction was observed upon illumination with compaction depths ranging from 0.2 to 1.3 m, depending on the writing parameters, while ablation and microcracking were the dominant effects for very high applied fluencies. Photochemical modification in the guided regions was also observed and verified through EDAX measurements, and the maximum measured refractive index change in these channels was 10 . A channel waveguide written with an applied fluence of 6.3 J/cm was characterized to be spatially single-mode with a maximum laser output ( nm) of 8.6 mW for an absorbed laser pump power of 89 mW. A slope efficiency of 17% was achieved with attenuation in this device measured to be 0.5 dB cm . These results were in agreement with a peak emission cross section of 5.9 10 cm calculated from a Judd-Ofelt analysis.
With the combination of high refractive index, low phononenergy, and the relative ease of fabricating high-quality low-loss waveguides, Ga:La:S glass is indeed an exciting candidate for efficient IO devices. High purity powders, with low transition metal ( 1 ppm) and water (OH ) content, will lead to enhanced glass quality, and improving the stability and reliability of laser write parameters will increase the reproducibility of high-quality waveguides allowing a systematic optimization of the waveguide properties. Thus, the potential for developing passive and active optical waveguides in the Ga:La:S glass system for IO devices and near-mid-IR sources seems promising, and the investigation of erbium-doped devices is currently underway. He then worked as a Research Fellow in the Physics Department, and, from 1991, in the Optoelectronics Research Centre at the University of Southampton, investigating planar waveguide lasers based on rare-earth-ion and transition-metal-ion doped crystals and glasses. This included work on waveguides fabricated by ion-implantation, ion-diffusion, ion-exchange, liquid-phase-epitaxy, molecular-beam epitaxy, pulsed laser deposition, spin coating, and direct bonding. He is currently a Principal Research Fellow, leading a group investigating waveguide devices primarily for high-power diode-pumped laser sources. His research interests also include self-adaptive gain-grating lasers and synchronously-pumped optical parametric oscillators. He has published over 50 papers in scientific journals, mostly concerned with planar waveguide lasers. 
